To address the challenges of the next generation of smart windows for energy-efficient buildings, new electrochromic devices (ECDs) are introduced. These include indium molybdenum oxide (IMO), a conducting oxide transparent in the near-infrared (NIR) region, and a NIR-emitting electrolyte. The novel electrolytes are based on a sol-gel-derived di-urethane cross-linked siloxanebased host structure, including short chains of poly (ε-caprolactone) (PCL(530) (where 530 represents the average molecular weight in g mol −1 ). This hybrid framework was doped with a combination of either, lithium triflate (LiTrif) and erbium triflate (ErTrif 3 ), or LiTrif and bisaquatris (thenoyltrifluoroacetonate) erbium (III) ([Er(tta) 3 (H 2 O) 2 ]). The ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ] device presents a typical Er 3+ NIR emission around 1550 nm. The figures of merit of these devices are high cycling stability, good reversibility, and unusually high coloration efficiency (CE = ∆OD/∆Q, where Q is the inserted/de-inserted charge density). CE values of −8824/+6569 cm 2 C −1 and −8243/+5200 cm 2 C −1 were achieved at 555 nm on the 400th cycle, for ECD@LiTrif-ErTrif 3 and ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ], respectively.
Introduction
Electrochromic (EC) materials [1, 2] are a special class of materials characterized by a change in their optical properties as a small voltage is applied. This change can be reversible and persistent. Several applications of electrochromic devices (ECDs), such as information displays, helmet visors, and self-dimming rear mirrors for automobiles or car roofs [3] , have been on the market for more than a decade.
The fabrication of smart windows for glazing technology remains one of the most interesting applications of ECDs [4] [5] [6] [7] [8] [9] [10] . These devices are very appealing from environmental and economical
Materials and Methods
Erbium (III) chloride hexahydrate (ErCl 3 .6H 2 O, Aldrich, 99%), thenoyltrifluoroacetone (HTTA, Aldrich, 99%), ethanol (EtOH, Merck, PA grade), sodium hydroxide (NaOH, Carlo Erba, pellets for analysis), 3-isocyanatepropyltriethoxysilane (ICPTES, Fluka, 95%), α,ω-hydroxyl poly(ε-caprolactone) (PCL(530) with a molecular weight of 530 g mol − 1, Fluka, Er(CF 3 SO 3 ) 3 .xH 2 O (ErTrif 3 .xH 2 O, Aldrich, 98%), and anhydrous LiCF 3 SO 3 (LiTrif, Aldrich, 99.995%) were used as received. Tetrahydrofuran (THF, Merck, puriss PA grade) was maintained over molecular sieves. Deionized water was used.
Synthesis of the [Er(tta) 3 (H 2 O) 2 ] complex: The complex, produced as a pink powder, as seen in Figure S1a ,b of the Supporting Information, was synthesized according to the method reported previously for the corresponding europium complex [18] . The elemental analysis was done at CACTI (University of Vigo). Calculated: C: 33.23, H: 1.85, S: 11.11. Found: C: 33.32, H: 1.74, S: 11.48.
Synthesis of the d-PCL(530)/siloxane 4.9 LiTrif-ErTrif 3 electrolyte: The preparation of this material was performed using the procedure reported earlier [21] , as seen in Scheme 1SA and [18] [19] [20] , as seen in Scheme 1SB and 2 ] electrolyte: The thermogravimetric analysis (TGA) curve of the complex was obtained using a TA Instruments Q50 thermobalance. The complex was first dried in a dessicator with phosphorous pentoxide (P 2 O 5 ). It was then transferred to an open platinum crucible and analyzed with a heating rate of 10 • C min −1 from room temperature to 800 • C. The purge gas used was high-purity nitrogen (N 2 ) (50 cm 3 min −1 flow rate). The TGA curves of the electrolytes were recorded twice in a NETZSCH STA 449F3 thermal analyzer, using Proteus software, from room temperature up to 700 • C in a N 2 atmosphere (50 cm 3 min −1 purge, 20 cm 3 min −1 protective flow). The sample, with a mass of approximately 3 to 5 mg, was reduced to small pieces, and was then transferred to an open alumina (Al 2 O 3 ) crucible.
The differential scanning calorimetry (DSC) analyses were performed in a Setaram (DSC131) calorimeter with a heating rate of 10 • C min −1 , from room temperature to 160 • C, using hermetically sealed aluminum crucibles (30 µL) . A mass of approximately 10 mg was used for each experiment. The purge gas employed was N 2 (30 cm 3 min −1 flow rate). The samples were pre-dried in the same conditions as reported above for the TGA analysis of the complex.
The Fourier transform infrared (FT-IR) spectrum of the complex (analyzed as a potassium bromide-based pellet) was recorded at room temperature in the 4000-500 cm −1 range in a spectrophotometer from Unicam (120 scans, resolution of 4 cm −1 ).
The absorption spectra of solutions of HTTA and of the complex were recorded in the 200-700 nm range with a UV-visible spectrophotometer from Spectronic Genesys 2PCC. The solutions were prepared using ethanol as solvent.
Scanning electronic microscopy (SEM) and polarized optical microscopy (POM) images of the electrolytes were recorded using a SEM/ESEM-FEI Quanta 400 (high acceleration voltage (20 kV)) and an OPTIKA B-600POL microscope equipped with an 8 megapixel digital photo camera, respectively. For SEM analysis, the sample was fixed on an aluminum stub using carbon tape and then coated with gold/palladium. The POM images were analyzed with OPTIKAVision Pro software.
A Philips X'Pert MPD Powder diffractometer was used to register the X-ray diffraction (XRD) patterns of the electrolytes over the 3-70 • 2θ range at room temperature (resolution of 0.02 • ). CuKα monochromated radiation (λ = 1.54 Å) was employed.
An Autolab PGSTAT-12 (Eco Chemie) was employed to determine the ionic conductivity of the electrolytes. A symmetrical cell was composed of 10-mm diameter ion-blocking gold electrodes (Goodfellow, >99.95%) with a small piece of the electrolyte sandwiched between them. The cell was transferred to a Buchi TO51 tube oven equipped with a type K thermocouple located near the Energies 2018, 11, 3513 4 of 13 electrolyte disk to monitor the sample temperature. Bulk conductivities of the electrolytes were determined between room temperature and 100 • C, in the heating cycles, using complex plane impedance spectroscopy (frequencies ranging from 65 kHz to 500 mHz).
ECD construction: IMO thin films were deposited by radio frequency magnetron sputtering at room temperature according to the procedure reported in a previous work [19] , using a ceramic target (99.99%) (Super Conductor Materials, Inc., USA, In 2 O 3 (98 wt %): Mo (2 wt %)) and soda-lime glass substrates (100 mm 3 × 100 mm 3 × 1 mm 3 ). Amorphous WO 3 was deposited by sputtering on an IMO glass substrate. The film was produced in a Pfeiffer Vacuum Classic 500 system using a 3" diameter ceramic target from Plasmaterials, an argon and oxygen atmosphere (oxygen partial pressure of 0.2 Pa), and a deposition pressure of 1.0 Pa, achieving thicknesses of 300 nm.
The electrolyte was deposited by solvent casting on the WO 3 /IMO plate. Then it was sandwiched between this plate and the IMO layer of the second plate, gently pressed between them, and finally allowed to dry. 2 ] with a delay time at each voltage of 50 s. Voltages lower than these did not produce any color switch. Integration of the CA curves during the coloring and bleaching processes yielded the cathodic and anodic charge densities, respectively. In the set-up used for electrochemical measurements, WO 3 was the working electrode and the IMO acted as counter and reference electrodes.
To evaluate the photoluminescence features of the ECDs, two drops of the electrolyte solution were deposited on the glass/IMO and on the glass/IMO/WO 3 plates and then allowed to dry. The photoluminescence spectra were recorded at room temperature in the NIR range, using the front face acquisition mode. A modular double grating excitation spectrofluorometer (Fluorolog-3, Horiba Scientific), equipped with an emission monochromator (TRIAX 320) coupled to a Hamamatsu photomultiplier (H9170), were used. A 450-W Xe arc lamp was employed as an excitation source. A photodiode reference detector was used to correct the emission spectra for detection and optical spectral response of the spectrofluorometer, as well as the excitation spectra for the spectral distribution of the lamp intensity. The DSC curve of [Er(tta)3(H2O)2] exhibits a weak low-temperature endotherm (onset temperature (Tonset) = 25 °C and peak temperature (Tpeak) = 35 °C) and a prominent event centered at about 140 °C ( Figure 1 , right y axis). The profile of the latter endotherm is resolved into a pair of peaks with Tpeak = 132 and 139 °C, assigned to the loss of the two water molecules from the first coordination sphere of Er 3+ and with the fusion of the complex, respectively [18] .
Results

Characterization of the
The FT-IR spectrum of the complex, represented in Figure S1c of the Supporting Information, displays a band at 3347 cm −1 and a pair of bands at 1604 and 1584 cm −1 , attributed to the stretching vibration of bonded OH groups of the water ligands, and to the stretching vibration of the C=O and C=C groups, respectively [18] .
The UV-visible spectrum of an ethanolic solution of [Er(tta)3(H2O)2], seen in Figure S2 of the Supporting Information, displays its lowest-energy absorption maximum at 341 nm due to the singlet-singlet transition of the tta-ligands [18] . The low-energy absorption edge is close to 400 nm. A sharp band is also detected at 282 nm. The XRD pattern of this electrolyte is reproduced in Figure 3a [27] ). All the XRD patterns exhibit a broad band, Gaussian in shape, centered at approximately 21°, associated with the coherent diffraction of the siliceous domains [28] . The . The profile of the latter endotherm is resolved into a pair of peaks with T peak = 132 and 139 • C, assigned to the loss of the two water molecules from the first coordination sphere of Er 3+ and with the fusion of the complex, respectively [18] .
The UV-visible spectrum of an ethanolic solution of [Er(tta) 3 (H 2 O) 2 ], seen in Figure S2 of the Supporting Information, displays its lowest-energy absorption maximum at 341 nm due to the singlet-singlet transition of the tta-ligands [18] . The low-energy absorption edge is close to 400 nm. A sharp band is also detected at 282 nm.
The SEM image reproduced in Figure The DSC curve of [Er(tta)3(H2O)2] exhibits a weak low-temperature endotherm (onset temperature (Tonset) = 25 °C and peak temperature (Tpeak) = 35 °C) and a prominent event centered at about 140 °C ( Figure 1 , right y axis). The profile of the latter endotherm is resolved into a pair of peaks with Tpeak = 132 and 139 °C, assigned to the loss of the two water molecules from the first coordination sphere of Er 3+ and with the fusion of the complex, respectively [18] .
The UV-visible spectrum of an ethanolic solution of [Er(tta)3(H2O)2], seen in Figure S2 of the Supporting Information, displays its lowest-energy absorption maximum at 341 nm due to the singlet-singlet transition of the tta-ligands [18] . The low-energy absorption edge is close to 400 nm. A sharp band is also detected at 282 nm.
d-PCL(530)9.1LiTrif-[Er(tta)3(H2O)2] Electrolyte
The SEM image reproduced in Figure The XRD pattern of this electrolyte is reproduced in Figure 3a [27] ). All the XRD patterns exhibit a broad band, Gaussian in shape, centered at approximately 21°, associated with the coherent diffraction of the siliceous domains [28] . The The XRD pattern of this electrolyte is reproduced in Figure 3a (red line), together with those of commercial PCL(530), (Figure 3a (black line) [27] ), and of the d-PCL(530)/siloxane host matrix, (Figure 3a (green line) [27] ). All the XRD patterns exhibit a broad band, Gaussian in shape, centered at approximately 21 • , associated with the coherent diffraction of the siliceous domains [28] . The characteristic peaks of LiTrif [29] or [Er(tta) 3 (H 2 O) 2 ] (not shown) are missing, indicating that the host hybrid matrix efficiently encapsulated the lithium salt and the erbium complex. This electrolyte has a semi-crystalline nature, as substantiated by the presence of the Bragg peaks at about 21.5 and 23.8 • , (Figure 3a (red line)), which confirms the existence of crystalline chains of PCL(530), (Figure 3a (black  line) ). This pair of peaks, already reported for a higher-molecular-weight semi-crystalline PCL [30] , was attributed to the (110) and (200) diffracting planes of the crystalline regions (orthorhombic crystal structure) [31] . These peaks are absent in the XRD pattern of the d-PCL(530)/siloxane host matrix, as seen in Figure 3a ). This pair of peaks, already reported for a higher-molecular-weight semi-crystalline PCL [30] , was attributed to the (110) and (200) diffracting planes of the crystalline regions (orthorhombic crystal structure) [31] . These peaks are absent in the XRD pattern of the d-PCL(530)/siloxane host matrix, as seen in Figure 3a Figure 3b (left yaxis), shows that the decomposition of this material is a multistep process, which is initiated at approximately 100 °C. Between this temperature and 420 °C, a major loss of weight occurs (about 46%). Another step of marked weight loss follows up to 515 °C. At higher temperatures, a plateau is reached, which remains until the maximum temperature analyzed. At this point, 27% of the hybrid remains to be decomposed.
The d-PCL(530)/siloxane9.1LiTrifm-[Er(tta)3(H2O)2]) gives rise to a weak peak (Tonset = 38 °C and Tpeak = 48 °C) in the DSC curve, as seen in Figure 3b (right y-axis), attributed to the melting of short non-complexed polymer chains of the d-PCL(530)/siloxane hybrid host [18, 21, 27, 32, 33] . There is no evidence of the formation of free LiTrif [27] or [Er(tta)3(H2O)2], corroborating the conclusion retrieved from the XRD data. Figure 4a shows the Arrhenius conductivity plot of d-PCL(530)/siloxane (green spheres) [34] , d-PCL(530)/siloxane5.2LiTrif-ErTrif3 (blue spheres) [21] , and d-PCL(530)/siloxane9.1LiTrif-[Er(tta)3(H2O)2] (red spheres). As expected, the doped systems exhibit higher ionic conductivity than the non-doped matrix [34] over the range of temperatures studied. [18, 21, 27, 32, 33] . There is no evidence of the formation of free LiTrif [27] or [Er(tta) 3 (H 2 O) 2 ], corroborating the conclusion retrieved from the XRD data. Figure 4a shows the Arrhenius conductivity plot of d-PCL(530)/siloxane (green spheres) [34] , d-PCL(530)/siloxane 5.2 LiTrif-ErTrif 3 (blue spheres) [21] , and d-PCL(530)/siloxane 9.1 LiTrif-[Er(tta) 3 (H 2 O) 2 ] (red spheres). As expected, the doped systems exhibit higher ionic conductivity than the non-doped matrix [34] over the range of temperatures studied. Figure 4b indicates that this sample is anodically stable up to about 5.0 V versus Li/Li + , in accordance with analogue systems [22, 35] . The peaks observed are attributed to the reduction of decomposition products [35] .
Characterization of the IMO Layers
The SEM image reproduced in Figure S3a of Supporting Information reveals a homogeneous distribution of the deposited film of IMO. This result is consistent with the two-dimensional (2D) atomic force microscopy (AFM) image, as seen in Figure S3b .
The XRD pattern of IMO, ( Figure S3c of the Supporting Information), contains, as expected, the diffraction peaks corresponding to crystallographic planes (211), (222), (400), (440), and (622) of a cubic bixbyite indium oxide In2O3 structure (ICDD file no. 06-0416, 1997) [19] .
The transmittance spectrum of the IMO layer allows concluding that this TCO exhibits a transmittance higher than 70% over the entire spectral range studied, as seen in Figure S3d of the Supporting Information, thus confirming its suitability for applications in the NIR region [19] . Table S2 of the Supporting Information gathers the main parameters retrieved from the electrical characterization performed on the IMO layer prepared here, together with the values reported previously for the deposition of IMO at different partial pressures of oxygen [19] . The analysis of these data allows inferring that the values obtained here are in the same range as those previously determined. Figure 4b indicates that this sample is anodically stable up to about 5.0 V versus Li/Li + , in accordance with analogue systems [22, 35] . The peaks observed are attributed to the reduction of decomposition products [35] .
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The XRD pattern of IMO, ( Figure S3c of the Supporting Information), contains, as expected, the diffraction peaks corresponding to crystallographic planes (211), (222), (400), (440), and (622) of a cubic bixbyite indium oxide In 2 O 3 structure (ICDD file no. 06-0416, 1997) [19] .
The transmittance spectrum of the IMO layer allows concluding that this TCO exhibits a transmittance higher than 70% over the entire spectral range studied, as seen in Figure S3d of the Supporting Information, thus confirming its suitability for applications in the NIR region [19] . Table S2 of the Supporting Information gathers the main parameters retrieved from the electrical characterization performed on the IMO layer prepared here, together with the values reported previously for the deposition of IMO at different partial pressures of oxygen [19] . The analysis of these data allows inferring that the values obtained here are in the same range as those previously determined. bleaching process), electrochromic contrast (transmittance change ∆T = T bleached − T colored , in %, at a given wavelength), optical density (∆OD = −log (T colored /T bleached )), the coloration efficiency (CE = ∆OD/∆Q, where Q is the inserted/de-inserted charge density), electrochromic stability, and optical memory (or open circuit memory).
Characterization of the ECDs
The UV-visible spectra of ECD@LiTrif-ErTrif 3 and ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ] in the 400-700 nm region recorded after the application of +4.0 V for 30 s and −4.0 V for 10 s (first cycle) are reproduced in Figure 5 (blue and red lines, respectively) . At 555 nm the T bleached/ T colored values were 46/41% and 64/55%, respectively. The ∆T and ∆OD values were 0.05 and 0.09, and 0.05 and 0.07, respectively, as seen in Table S3 of the Supporting Information.
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The performance of the ECD@LiTrif-ErTrif3 and ECD@LiTrif-[Er(tta)3(H2O)2] devices was evaluated by means of the following parameters: switching speed (time needed for the coloring/bleaching process), electrochromic contrast (transmittance change ΔT = Tbleached − Tcolored, in %, at a given wavelength), optical density (ΔOD = −log (Tcolored/Tbleached)), the coloration efficiency (CE = ΔOD/ΔQ, where Q is the inserted/de-inserted charge density), electrochromic stability, and optical memory (or open circuit memory).
The UV-visible spectra of ECD@LiTrif-ErTrif3 and ECD@LiTrif-[Er(tta)3(H2O)2] in the 400-700 nm region recorded after the application of +4.0 V for 30 s and −4.0 V for 10 s (first cycle) are reproduced in Figure 5 (blue and red lines, respectively) . At 555 nm the Tbleached/Tcolored values were 46/41% and 64/55%, respectively. The ΔT and ΔOD values were 0.05 and 0.09, and 0.05 and 0.07, respectively, as seen in Table S3 of the Supporting Information. Both ECDs were then subject to the three following treatments under the application of ±3.0 V for ECD@LiTrif-ErTrif3 and ±3.5 V for ECD@LiTrif-[Er(tta)3(H2O)2]: (i) 10 cyclic voltammetry (CV) cycles at 50, 20, and 50 mV s −1 , as seen in Figure S4 of Supporting Information; (ii) 500 chronoamperometry (CA) cycles (100 s/cycle); (iii) 5 CV cycles at 50 mV s −1 , as seen in Figure S5 of the Supporting Information. Figure 6 confirms that the ECD devices display high cycling stability and reversibility. The inset in this figure shows representative photographs of the materials in the bleached and colored states. In the first cycles, the de-inserted and inserted charge density values (Qout and −Qin, respectively) of ECD@LiTrif-[Er(tta)3(H2O)2] were significantly higher than those of ECD@LiTrif-ErTrif3, as seen in Figures S5a,b of the Supporting Information. The same applies to the reversibility ratio (Qout /−Qin), which yielded average values of 1.6 and 1.1, respectively, as seen in Figure S5c of the Supporting Information. Both ECDs were then subject to the three following treatments under the application of ±3.0 V for ECD@LiTrif-ErTrif 3 and ±3.5 V for ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ]: (i) 10 cyclic voltammetry (CV) cycles at 50, 20, and 50 mV s −1 , as seen in Figure S4 of Supporting Information; (ii) 500 chronoamperometry (CA) cycles (100 s/cycle); (iii) 5 CV cycles at 50 mV s −1 , as seen in Figure S5 of the Supporting Information. Figure 6 confirms that the ECD devices display high cycling stability and reversibility. The inset in this figure shows representative photographs of the materials in the bleached and colored states. In the first cycles, the de-inserted and inserted charge density values (Q out and −Q in , respectively) of ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ] were significantly higher than those of ECD@LiTrif-ErTrif 3 , as seen in Figure S5a ,b of the Supporting Information. The same applies to the reversibility ratio (Q out /−Q in ), which yielded average values of 1.6 and 1.1, respectively, as seen in Figure S5c of the Supporting Information. %, at a given wavelength), optical density (ΔOD = −log (Tcolored/Tbleached)), the coloration efficiency (CE = ΔOD/ΔQ, where Q is the inserted/de-inserted charge density), electrochromic stability, and optical memory (or open circuit memory). The UV-visible spectra of ECD@LiTrif-ErTrif3 and ECD@LiTrif-[Er(tta)3(H2O)2] in the 400-700 nm region recorded after the application of +4.0 V for 30 s and −4.0 V for 10 s (first cycle) are reproduced in Figure 5 (blue and red lines, respectively) . At 555 nm the Tbleached/Tcolored values were 46/41% and 64/55%, respectively. The ΔT and ΔOD values were 0.05 and 0.09, and 0.05 and 0.07, respectively, as seen in Table S3 of the Supporting Information. Both ECDs were then subject to the three following treatments under the application of ±3.0 V for ECD@LiTrif-ErTrif3 and ±3.5 V for ECD@LiTrif-[Er(tta)3(H2O)2]: (i) 10 cyclic voltammetry (CV) cycles at 50, 20, and 50 mV s −1 , as seen in Figure S4 of Supporting Information; (ii) 500 chronoamperometry (CA) cycles (100 s/cycle); (iii) 5 CV cycles at 50 mV s −1 , as seen in Figure S5 of the Supporting Information. Figure 6 confirms that the ECD devices display high cycling stability and reversibility. The inset in this figure shows representative photographs of the materials in the bleached and colored states. In the first cycles, the de-inserted and inserted charge density values (Qout and −Qin, respectively) of ECD@LiTrif-[Er(tta)3(H2O)2] were significantly higher than those of ECD@LiTrif-ErTrif3, as seen in Figures S5a,b of the Supporting Information. The same applies to the reversibility ratio (Qout /−Qin), which yielded average values of 1.6 and 1.1, respectively, as seen in Figure S5c In both systems studied, the ΔT and ΔOD values are be very small, whereas the CE values are unusually high. A comparison of the performance of ECD@LiTrif-ErTrif3 and ECD@LiTrif-[Er(tta)3(H2O)2] with ECDs reported in the literature is of interest. In the case of the ITO-based analogue of ECD@LiTrif-ErTrif3 (i.e., the glass/ITO/WO3/d-PCL(530)/siloxane5.2LiTrif-ErTrif3/ITO/glass device), the ΔT and ΔOD values are similar, but the CE value is three orders of magnitude lower (7.7%, 0.05 and 8.1 cm 2 C −1 , first cycle, visible region) [21] , suggesting that the type of TCO used exerts a major role on the device performance. ECDs with different ITO-based configurations and incorporating ErTrif3-based electrolytes, including different host matrices, also exhibited similar ΔT and ΔOD values, as seen in Table S3 of the Supporting Information: glass/ITO/WO3/DNA12.5ErTrif3/CeO2-TiO2/ITO/glass (average visible region: 7%, 0.085, respectively [25] ), and glass/ITO/PB/CS(ErTrif)0.05Gly0.70/CeO2-TiO2/ITO (where PB, CS, and Gly are Prussian blue, chitosan, and glycerol, respectively) (550 nm: 4.6% [26] ). Finally, it is useful to refer to the performance of the glass/a-IZO/WO3/CG50Er40/NiO/a-IZO/glass (where a-IZO is amorphous indium zinc oxide and CG50Er40 is a k-Cg-based electrolyte doped with ErTrif3) ECD that was introduced very recently, because a-IZO is also a TCO transparent in the NIR region. In this device, the ΔT, ΔOD, and CE values were 46%, 0.89, and −15902/+3072 cm 2 C −1 for coloration/bleaching (450th cycle), respectively [24] . In both systems studied, the ∆T and ∆OD values are be very small, whereas the CE values are unusually high. A comparison of the performance of ECD@LiTrif-ErTrif 3 and ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ] with ECDs reported in the literature is of interest. In the case of the ITO-based analogue of ECD@LiTrif-ErTrif 3 (i.e., the glass/ITO/WO 3 /d-PCL(530)/siloxane 5.2 LiTrif-ErTrif 3 /ITO/glass device), the ∆T and ∆OD values are similar, but the CE value is three orders of magnitude lower (7.7%, 0.05 and 8.1 cm 2 C −1 , first cycle, visible region) [21] , suggesting that the type of TCO used exerts a major role on the device performance. ECDs with different ITO-based configurations and incorporating ErTrif 3 -based electrolytes, including different host matrices, also exhibited similar ∆T and ∆OD values, as seen in Table S3 of the Supporting Information: glass/ITO/WO 3 / DNA 12.5 ErTrif 3 /CeO 2 -TiO 2 /ITO/glass (average visible region: 7%, 0.085, respectively [25] ), and glass/ITO/PB/CS(ErTrif) 0.05 Gly 0.70 /CeO 2 -TiO 2 /ITO (where PB, CS, and Gly are Prussian blue, chitosan, and glycerol, respectively) (550 nm: 4.6% [26] ). Finally, it is useful to refer to the performance of the glass/a-IZO/WO 3 /CG 50 Er 40 /NiO/a-IZO/glass (where a-IZO is amorphous indium zinc oxide and CG 50 Er 40 is a k-Cg-based electrolyte doped with ErTrif 3 ) ECD that was introduced very recently, because a-IZO is also a TCO transparent in the NIR region. In this device, the ∆T, ∆OD, and CE values were 46%, 0.89, and −15902/+3072 cm 2 C −1 for coloration/bleaching (450th cycle), respectively [24] .
Photoluminescence Characterization
The emission features of the IC1 electrolyte alone were already studied in a previous work [21] . Under UV/blue irradiation, the d-PCL(530) n LiTrif m -ErTrif 3m' electrolytes are multi-wavelength emitters from the UV-visible to the NIR spectral regions.
In this work, the emission and excitation spectra of the IC2 electrolyte were recorded after the precursor solution of the latter was deposited by solvent-casting onto the IMO and WO 3 /IMO layers. The emission spectra recorded under these conditions in the UV-visible region (excitation at 355 nm) present the typical Er 3+ NIR emission around 1550 nm, due to the 4 I 13/2 → 4 I 15/2 transition, as seen in Figure 8a ,c. The excitation spectra, shown in Figure 8b ,d, exhibit a large band centered at 340 nm characteristic of the π-π* electron transition, suggesting the existence of non-radiative energy transfer between the hybrid host and the Er 3+ levels [18, 36, 37] .
The emission spectra recorded under these conditions in the UV-visible region (excitation at 355 nm) present the typical Er 3+ NIR emission around 1550 nm, due to the 4 I13/2 → 4 I15/2 transition, as seen in Figure 8a ,c. The excitation spectra, shown in Figure 8b ,d, exhibit a large band centered at 340 nm characteristic of the π-π* electron transition, suggesting the existence of non-radiative energy transfer between the hybrid host and the Er 3+ levels [18, 36, 37] . 
Discussion
Following previous recent works of our group focused on the development of novel ECDs with improved features to meet the requirements of the next generation of smart windows for future zeroenergy buildings [24, 38] , we introduce here, for the first time, a new ECD concept that relies on the combination of NIR transparent TCO and NIR-emitting electrolyte. The TCO chosen was IMO. The new electrolyte, synthesized by the sol-gel method, comprises the hybrid host structure d-PCL(530)/siloxane doped with a mixture of LiTrif and [(Er(tta)3(H2O)2]. The structural, thermal, morphological, and optical characterization of the electrolyte were evaluated. An ECD incorporating the d-PCL(530)/siloxane-based electrolyte doped with LiTrif and ErTrif3, introduced earlier [21] , was also tested for comparative purposes.
The ECD including the electrolyte doped with the LiTrif and [(Er(tta)3(H2O)2] mixture presents the typical Er 3+ NIR emission around 1550 nm. The ΔT and ΔOD values are of the same order of magnitude as other values obtained for ITO-based ECDs incorporating electrolytes composed of ErTrif3. However, the CE values determined in the current work are significantly higher than those reported in the literature, indicating that the TCO type plays a key role in the ECD operation. This result probably due to the fact that IMO, which has visible and NIR transmittance higher than ITO, 
Following previous recent works of our group focused on the development of novel ECDs with improved features to meet the requirements of the next generation of smart windows for future zero-energy buildings [24, 38] , we introduce here, for the first time, a new ECD concept that relies on the combination of NIR transparent TCO and NIR-emitting electrolyte. The TCO chosen was IMO. The new electrolyte, synthesized by the sol-gel method, comprises the hybrid host structure d-PCL(530)/siloxane doped with a mixture of LiTrif and [(Er(tta) 3 (H 2 O) 2 ]. The structural, thermal, morphological, and optical characterization of the electrolyte were evaluated. An ECD incorporating the d-PCL(530)/siloxane-based electrolyte doped with LiTrif and ErTrif 3 , introduced earlier [21] , was also tested for comparative purposes.
The ECD including the electrolyte doped with the LiTrif and [(Er(tta) 3 (H 2 O) 2 ] mixture presents the typical Er 3+ NIR emission around 1550 nm. The ∆T and ∆OD values are of the same order of magnitude as other values obtained for ITO-based ECDs incorporating electrolytes composed of ErTrif 3 . However, the CE values determined in the current work are significantly higher than those reported in the literature, indicating that the TCO type plays a key role in the ECD operation. This result probably due to the fact that IMO, which has visible and NIR transmittance higher than ITO, exhibits lower carrier concentration and higher charge mobility than ITO. In spite of the very high CE values produced, the ECD@LiTrif-[Er(tta) 3 (H 2 O) 2 ] device needs further improvements so that the ∆T and ∆OD values are substantially increased. At present, the addition of the same salt/complex mixture to cheap, abundant, and benign natural host polymers is being considered (e.g., proteins [39] or polysaccharides [24] ) is being considered. 
